The signaling processes in plants that initiate cellular responses to biotic and abiotic factors are believed to be located in the plasma membrane (PM). A better understanding of the PM proteome response to environmental stresses might lead to new strategies for improving stress-tolerant crops. A sub-cellular proteomics approach was applied to monitor changes in abundance of PM-associated protein in response to salinity, a key abiotic stress affecting rice productivity worldwide. Proteome was extracted from a root plasma-membrane-rich fraction of a rice salt tolerant variety, IR651, grown under saline and normal conditions. Comparative two-dimensional electrophoresis revealed that 24 proteins were differentially expressed in response to salt stress. From these, eight proteins were identified by mass spectrometry analysis. Most of the proteins identified are likely to be PM-associated and are known to be involved in several important mechanisms of plant adaptation to salt stress. These include regulation of PM pumps and channels, membrane structure, oxidative stress defense, signal transduction, protein folding, and the methyl cycle. To investigate the correlation between mRNA and protein level in response to salinity, we performed quantitative Real-Time PCR analysis of three genes that were salt responsive at the protein level, including 1,4-Benzoquinone reductase, a putative remorin and a hypersensitive induced response protein. No concordance was detected between the changes in levels of gene and protein expression. Our results indicate that the proteomics approach is suitable for expression analysis of membrane associated proteins under salt stress.
Salinity is a major factor limiting rice production worldwide. 1) It is increasing in importance in irrigated environments as a result of water quality and poor maintenance of infrastructure. It causes water deficit, ion toxicity, and nutrient deficiency, leading to molecular damage and growth and yield reduction, and even to plant death.
In rice, salinity tolerance is conferred by the sum of several contributing traits, including selective ion uptake and exclusion, preferential compartmentation of Na þ in older tissues and roots, high seedling vigor, sensitive stomata that regulate water and hence salt uptake, efficient detoxification of reactive oxygen species generated during stress, and tissue tolerance.
2) Salttolerant genotypes have been found to be superior in a few of these traits, which suggests that salinity tolerance can be substantially augmented if superior alleles for all useful mechanisms are combined. A key challenge is to identify the genes that confer salinity tolerance when plants are grown in different rice-growing environments and to use the identified genes efficiently to accelerate crop breeding. 3) Proteomics is known to be a powerful approach to study the function and regulation of genes. Several groups have applied proteomics to identify salt-responsive proteins in rice. Moons et al. 4, 5) studied the effect of abscisic acid (ABA) and jasmonates on the rice root proteome. They reported that both ABA and ABAresponsive proteins are present in roots at higher levels in tolerant rice varieties than in sensitive varieties, 4) and that ABA and jasmonates antagonistically regulate the expression of salt-inducible proteins associated with water deficit and defense responses. Salekdeh et al. 6) identified several salt-responsive proteins in roots of the salt-tolerant and sensitive rice varieties Pokkali and IR29 respectively, including an ABA-and stressresponsive protein (ASR1), ascorbate peroxidase, and caffeoyl CoA O-methyltransferase, the latter of which plays an important role in suberin and lignin biosynthesis. Rice leaf-sheath response to salinity was also studied by two dimensional electrophoresis (2-DE). 7) It was found that specific proteins expressed in specific regions of rice present a coordinated response to salt y To whom correspondence should be addressed. Fax: +98-261-2704539; E-mail: h salekdeh@abrii.ac.ir stress. Kim et al. 8) identified several salt-responsive proteins in the rice cultivar Nipponbare that are part of major metabolic processes such as photosynthetic carbon dioxide assimilation and photorespiration.
Although 2-DE is widely used as a major proteomics technology, it has some limitations and technical difficulties, including the detection of low-abundance proteins. The depth of proteome coverage typically is low in 2-DE gels, with abundant proteins dominating the analysis. Highly expressing proteins are visualized easily on stained electrophoresis gels and usually mask low-abundance proteins. One approach to resolve lowabundance proteins is to perform subcellular fractionation, as has been described for plant organelle membrane proteins 9) and plasma membrane (PM) proteome. 10, 11) PM regulates the exchange of information between the cell and its environment. PM-associated proteins play a major role in maintaining intracellular ion homeostasis, and concomitantly, plant adaptation to salt stress. 12) In the present study, we investigated changes in the abundance of rice PM-associated proteins in response to salt stress. Using a 2-DE-based proteomics approach, we detected 24 salt responsive proteins, of which eight were identified by MS. For most of the eight proteins identified, this is the first report of their induction in response to salt stress.
Materials and Methods
Sample preparation and physiological measurements. Plants of the rice salt-tolerant variety IR 651 were grown from seeds in a greenhouse. The experiment was conducted using a completely randomized design with two treatments (0 and 100 mM NaCl) in three replicates. The plants were grown in full-strength Yoshida solution 13) for 8 weeks, and then 100 mM of NaCl was added to half of the samples. After 2 weeks of stress, roots and leaves were harvested and placed at À80 C. Root and shoot dry weights were determined after drying for 48 h in an oven at 60 C. To measure Na þ and K þ content, 200 mg of fine powder from the samples was placed in 10 ml of 500 mM HNO 3 and the mixture was incubated at 80 C for 1 h. Na þ and K þ contents were assayed by flame photometer (M410, Corning, UK) after filtering of the extracts.
ABA extraction from rice root samples. ABA of rice root was extracted using a modification method of the Kelen et al. 14) In brief, root samples (2 g) was ground with 40 ml of 80% (v/v) aqueous methanol containing 0.25 g L À1 butylated hydroxytoluene and 0.44 g L
À1
ascorbic acid (extraction buffer) by mortal and pestle. The suspension was incubated for 16 h at 4 C in the dark and filtered through a Whatman filter, no 1, pore size 11 mm (Whatman, Kent, England) and washed with the extraction buffer. The methanol was evaporated under a vacuum, and 0.5 M of phosphate buffer, pH 7, was added to the remaining mixture in the same volume and the pH was adjusted to 8.5 with 0.2 N KOH and partitioned with ethyl acetate. The whole solution was stirred and the extra ethyl acetate was removed completely under vacuum. The pH of the aqueous phase was adjusted to 2.5 with 0.2 N HCl and again partitioned with ethyl acetate and the whole solution was stirred, but this time the ethyl acetate phase was maintained. The sample was filtered with a 0.45 mm membrane syringe filter (Whatman, Kent, England) and then injected into HPLC Eurospher-100 C 18 column (250 Â 4 mm ID, 5 mm particle size; Knauer, Germany). The isocratic mobile phase was 100% methanol and 0.2% acetic acid (50:50 v/v) and used at a flow rate of 0.7 ml/min. Solvents were filtered through 0.45 mm membrane filter. The ABA peak was identified using the standard solution of this acid, in which the signal of the compounds was monitored at 257 nm at 40 C.
PM purification and protein solubilization. The crude membrane fraction obtained by differential centrifugation was partitioned by the dextran-polyethylene glycol (PEG) aqueous two phase system according to the method of Larsson et al., 15) with minor modifications. In brief, 120 g of frozen root sample was homogenized in 300 ml of ice-cold 50 mM 3-(N-morpholino) propanesulphonicacid (MOPS)/KOH buffer (pH 7.5) containing 330 mM sucrose, 5 mM EDTA, 5 mM dithiothreitol (DTT), 5 mM ascorbate, 0.5 mM phenyl-methyl-sulfonyl fluoride (PMSF), 0.2% BSA (bovine serum albumin), 0.2% casein, and 0.6% polyvinylpyrrolidone (PVP), using a kitchen blender at 4 C. The homogenate was centrifuged at 2;000 Â g for 7 min at 4 C and the supernatant was filtered through a 260 mm filter. The filtrate was centrifuged again at 12;000 Â g for 10 min at 4 C and resulting supernatant was centrifuged at 50;000 Â g for 60 min at 4 C. For enrichment of PM, the microsomal pellet was resuspended in 9 ml of resuspension buffer (330 mM sucrose, 5 mM potassium phosphate, pH 7.8, 2 mM potassium chloride, 1 mM DTT, and 0.1 mM EDTA) and added to 27 g of a phase mixture (6.3% w/w Dextran (T-500, Sigma Aldrich, St. Louis, MO), 6.3% w/w PEG (4000, Merck Schuchardt, Munich, Germany), 330 mM sucrose, 5 mM phosphate buffer, pH 7.8, 1 mM KCl, 0.5 mM EDTA and 1 mM DTT) to yield a 36 g phase system. After mixing, phase separation was achieved at 4 C. The upper phase (PEG phase), containing mainly PM vesicles, was further purified by performing a second partitioning. The new upper phase was diluted with washing buffer (250 mM sucrose and 10 mM MOPS) following centrifugation at 100;000 Â g for 60 min. The PM pellet was dissolved in 330 mM sucrose, 50 mM 2-(N-morpholino) ethanosulfonic acid (MES)/KOH (pH 6.0) for the marker enzyme assay, and in 100 mM Tris-HCl, pH 8.5, 4% w/w SDS, 0.5% w/w DTT, and 20% w/w glycerol 2 mM PMSF for 2-DE running. The 2-DE samples were then heated for 3 min at 80 C and the proteins were precipitated with cold acetone. After complete acetone removal through evaporation, the pellet was resuspended in a lysis buffer containing 7 M urea, 2 M thiourea, 0.5% w/v triton X-100, 1% w/v DTT, 1.2% w/w pharmalyts (BioChemika, for electrophoresis, pH 3.0-10.0, Sigma Aldrich, St. Louis, MO), 4% w/v 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS), and 2% amidosulfobetaine-14 (ASB-14, a zwitterionic detergent). 10) Isolated membrane preparations were either analyzed immediately or stored frozen at À80 C for later use.
Enzyme assay. The purity of the PM was estimated by assaying ATPase activities associated with the different subcellular membranes. 10, 15) Orthovanadate-sensitive, nitrate-sensitive, and azide-sensitive ATPase activities were selected as PM, tonoplast, and mitochondrial membrane markers respectively. 10) ATPase activity of the mixture of right-side-out and inside-out PM vesicles obtained by the two-phase partitioning method was assayed by incubating membrane vesicles (20 mg protein) at 37 C in 120 ml of 50 mM MES/KOH (pH 6.0), 2 mM ATP, 2 mM MgCl 2 , and 0.2 mM ammonium molybdate in the presence or absence of 0.1 mM vanadate, 50 mM NaNO 3 , or 5 mM NaN 3 . The liberated inorganic phosphate (nmol Pi per mg of protein) was determined at 660 nm by the method of Fiske and Subbarow. 16) Two-dimensional electrophoresis. The total protein concentration was quantified by Bradford assay (BioRad, Hercules, CA) with BSA as the standard, and 2-DE was carried out as previously described. 6) For first dimension, 18 cm immobilized pH gradient (IPG) strips (Amersham Pharmacia Biotech, Uppsala, Sweden) with a linear gradient (pH 4-7) and for the second dimension 11.5% SDS-polyacrylamide gel were applied. The protein spots in the analytical gels were visualized by the silver nitrate staining method. 17) Image and data analysis. The analytical gels were immediately scanned using the GS-800 calibrated densitometer (Bio-Rad, Hercules, CA) at 600 dpi resolution. Melanie 3 software (GeneBio, Geneva, Switzerland) was used to analyze gel images, as described in the user's manual. After scanning, spot detection, protein quantification, and spot pairing were carried out based on Melanie-3 default settings. Spot pairs were investigated visually and the scatter plots of each data point between gels were displayed to estimate gel similarity and experimental errors. The molecular mass of proteins in the gels was estimated by co-electrophoresis with standard protein markers (Amersham Pharmacia Biotech, Uppsala, Sweden); pI was determined by measuring spot migration on 18 cm IPG (pH 4-7, linear) strips. The effect of treatments was analyzed by the two-tailed paired t-Test. Only statistically significant differences (P 0:05) that were consistently present in all three replications were considered for further analysis.
Protein identification and database search. Twentyfour spots that showed statistically significant response to salt stress were excised from silver stained gels and analyzed using an Applied Biosystems 4700 Proteomics Analyzer at the Protein and Proteomics Centre of the National University of Singapore (Mass Spectrometry Services, Protein and Proteomics Centre, Department of Biological Sciences). Protein digestion, desalting, and concentration of samples were carried out using Montage Ò In-Gel Digestion Kits (Millipore and Applied Biosystems, Foster City, CA). The samples were dissolved in solvent consisting of 0.1% trifluroacetate and 50% acetonitrile (ACN) in ultrapure water. The sample solution (0.5 ml) was mixed with an equal volume of the matrix solution (5 mg/ml -cyano-4-hydroxycinnamic acid dissolved in same solvent as above), and then loaded on to the matrix-assisted laser desorption ionization (MALDI) sample target plate and dried in air. Before each analysis, the instrument was calibrated with the Applied Biosystems 4700 Proteomics Analyzer Calibration Mixture. Data interpretation was carried out using GPS Explorer Software (Applied Biosystems), and automated database searching was carried out using the MASCOT program (Matrix Science, London, UK). Combined MS-MS/MS searches were conducted by the following criteria: NCBInr database (Release 28.10.2005; 2928294 sequences; 1009792487 residues), all entries, parent ion mass tolerance at 50 ppm, MS/MS mass tolerance of 0.2 Da, carbamidomethylation of cysteine (fixed modification), and methionine oxidation (variable modification).
RNA extraction and real-time PCR analysis. Total RNA from representative root samples of each growth condition (normal and saline) was isolated in three independent extractions using Trizol reagent (Invitrogen, Life technologies), and 2 ml of each RNA sample was used to construct cDNA using a iScript cDNA Synthesis kit (Bio-Rad). Primer pairs were designed using Beacon Designer2 software. Gene expression was assayed using the iCycler iQ, Multicolor Real-Time PCR Detection System (Bio-Rad) and the iQ SYBR Green Supermix kit (Bio-Rad). Reaction conditions (20 ml volumes) were optimized by changing the primer concentration and annealing temperature to minimize primer-dimer formation and to increase PCR efficiency. The following PCR profile was used: 2 min at 95 C, (10 s at 95 C, 45 s at 54 C, 10 s at 72 C) Â 50, and 1 min at 72 C, followed by recording of a melting curve. The lack of primer dimer or nonspecific product accumulation was checked by melt-curve analysis. Each run included standard dilutions and negative reaction controls. The mRNA expression level of each gene of interest and of the ribosomal protein 18S rRNA, chosen as a housekeeping gene, was determined in parallel for each sample. Results were expressed as the normalized ratio of the mRNA level of each gene of interest over the housekeeping gene using the difference between threshold cycle values, or the ÁÁCt method. 18 ) Ct values for individual target genes were calculated, and the ÁCt average for the housekeeping gene (18S rRNA) was treated as an arbitrary constant, and was used to calculate the ÁÁCt values for all the samples. The induction fold results for the three independent pools for each target gene were averaged and the standard error of the mean was calculated. mRNAs were extracted from samples similar to those used for proteome analysis.
Results
Physiological data analysis Salt tolerant rice genotype, IR651, 19) was grown under normal and salt stress conditions. Based on the analysis of variance, the overall effect of salinity was significant as determined by shoot dry matter and Na þ content (Table 1) , but no significant difference in root dry weight was observed between samples grown under normal and stress conditions. The Na þ content of root and shoot increased by about 45% and 310% respectively under salt stress as compared to normal condition (Table 1) . It has been found that IR651 accumulates substantially lower amounts of salt in the roots than in the shoot when subjected to high salt stress.
19) The analysis of root ABA content also revealed that the ABA level increased up to six-fold in response to salt stress ( Table 1) .
Evaluation of PM fraction purity
To determine the purity of the PM preparation obtained from the root samples, the microsomal fraction was characterized using marker enzymes associated with the different subcellular membranes. 10, 15) Orthovanadate-sensitive ATPase, nitrate-sensitive ATPase, and azide-sensitive ATPase were selected as PM, tonoplast, and mitochondrial membrane markers respectively. HATPase activity under this specific set of inhibitor treatments was determined, and that of the final prepared microsomal fraction through double-partitioning process was quantified to be 60%, 9%, and 3% sensitive to orthovanadate, azide and nitrate respectively (Fig. 1) .
Identification of salt-responsive proteins PM-associated proteins were separated on 2-DE gels and the expression pattern was analyzed using Melanie 3 software (GeneBio, Geneva, Switzerland). Out of 164 protein spots reproducibly detected on 2-DE gels, 24 spots showed significant changes in abundance (P < The vertical axis shows the enzyme's relative activity monitored by measuring the absorption at 660 nm. The relative activity is expressed against the ATPase activity in the reaction mixture in the absence of the specified inhibitor, put at 100%. The reduction of ATPase activity was significant (P < 0:05) only in the presence of the PM ATPase specific inhibitor, orthovanadate. All measurements were performed in triplicate.
0:05) in response to salt stress as compared to the normal condition (Fig. 2) . Figure 3 shows three examples of changes in spot intensity of the representative saltresponsive proteins as analyzed by 2-DE. Twenty-four silver-stained salt-responsive proteins were analyzed by MALDI tandem time-of-flight mass spectrometry analysis (MALDI TOF-TOF MS/MS). Spots that showed consistent positions on different gels were considered to be the same proteins. Mass data, analyzed using Mascot, resulted in the identification of eight up-regulated proteins.
The proteins identified included one putative 1,4-Benzoquinone reductase (spot 24), two putative 14-3-3 proteins, GF14a (spot 52) and GF14b (spot 56), a 5-methyltetrahydropteroyltriglutamate-homocysteine metyltransferase (spot 69), two putative remorins (spots 79 and 81), a hypersensitive induced response (HIR) protein (spot 83), and a protein disulfide isomerase (PDI) (spot 125) ( Table 2 ). All of the eight proteins identified are known to be membrane associated.
Real-time PCR data analysis
The expression pattern of 1,4-Benzoquinone reductase (spot 24), a putative remorin (spots 79 and 81), and a hypersensitive induced response protein (HIR) (spot 83) were analyzed at the mRNA level by the ÁÁCt method, as described in ''Materials and Methods.'' The up-regulation of the mRNA in response to salinity stress was not statistically significant for any of these three genes (Fig. 4) . In the first dimension, 120 mg of protein was loaded on an 18 cm IPG strip with a linear gradient of pH 4-7. In the second dimension, 11.5% SDS-PAGE gels were used. Proteins were visualized by silver staining. Pointed spots correspond to salt-responsive proteins analyzed by MS. Arrows indicate proteins identified by MS analysis. All presented spots presented showed significant changes (P < 0:05) in response to salt stress as compared to the normal condition. The spot numbers here correspond to the spot numbers in Fig. 2 .
Discussion
Under salt stress, the Na þ content of root and shoot significantly increased, causing a reduction in shoot dry weight, although the Na þ content of shoot increased much more than that of root in response to salt stress, in agreement with other published data. 20) The reduction in plant dry matter might have been due to a slower growth rate and slower development as a result of osmotic stress imposed by salinity, or due to inhibition of photosynthesis as a result of direct effects of salinity on the photosynthetic apparatus. 21) The greater reduction in shoot dry matter, in comparison with root, in response to salt stress suggests that the growth of rice root is less Continued on next page.
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sensitive to salinity than is the shoot. An increase in plant root-shoot ratio in response to salt stress has been reported also by Munns.
22)
ABA is known to increase in plants under salt stress and to promote root growth over shoot growth, 23) as observed in this study. The whole-plant response to salt stress is also regulated by an ABA-dependent pathway. ABA also regulates gene expression in a wide range of cells to induce changes that help the plant to adjust to water deficit and ion toxicity.
24)
Continued. MS analysis led to identification of only eight out of 24 salt-responsive proteins, which might be due to low abundance of responsive proteins or to the incompatibility of silver stained spots with MS. Of these, five proteins, 1,4-benzoquinone reductase (spot 24), GF14a (spot 52), GF14b (spot 56), 5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase (spot 69) and a HIR (spot No 83), have been reported to be ABA or salt responsive at the RNA level. [25] [26] [27] [28] Moons and colleagues 4) found that both ABA and ABA-responsive proteins are up-regulated in rice roots of tolerant rice varieties more than in sensitive varieties.
Plant-specific PM/lipid-raft-associated proteins Spots 79 and 81 were highly abundant proteins on 2-D gels, and their abundance increased in the saline condition. These proteins were identified as putative remorin1 proteins, which form a superfamily of plant specific PM/lipid-raft proteins of unknown structure and function. It has been suggested that these proteins play roles in the cytoskeleton and/or membrane skeleton. 29) The remorin proteins in our study showed 72% identity to Arabidopsis remorin (At Dbp) (At2g45820), which encodes a protein capable of binding DNA. 30) It has been found that At Dbp is wound-and dehydrationinducible.
30) The presence of polymerized remorin in tomato root tip PM, 29) a region important in sensing and responding to environmental stimuli, further supports its importance in plant responses to salt stress.
Proteins involved in signal transduction and metabolism regulation
Two up-regulated proteins were identified as members of the 14-3-3 family: GF14a (spot 52) and GF14b (spot 56). 26) These proteins are highly conserved hydrophilic proteins involved in protein-protein interactions that regulate diverse physiological processes. It has been demonstrated that this protein-protein interaction is regulated by protein kinase-mediated phosphorylation of serine/threonine residues in the target protein. 26) In plants, 14-3-3 proteins are known as positive regulators of PM H þ -ATPase activity, which governs the electrochemical gradient across the PM, which is essential for the control of ion transport and cytoplasmic pH (for a review, see Palmgren 31) ). This is particularly important when a plant faces salt stress. Changes in membrane potential are also associated with the initiation of a number of other signal transduction pathways, in particular those involved in pathogen and stress responses. 32) There are multiple levels at which 14-3-3 proteins can play roles in stress responses in higher plants, including regulating target proteins with functions of signaling, transcription activation, or defense. 33) It has been found that 14-3-3 proteins are induced in response to cold acclimation, 34) salt, 35) and drought 26) stresses. They are also components of transcription factor complexes associated with ABA-induced gene expression.
36)
The higher abundance of two isoforms of 14-3-3 proteins in our study may reflect a mechanism of plant adaptation to salt stress, possibly through interaction with some membrane-bound clients such as H þ -ATPase, or perhaps through regulation of plant signal transduction and gene expression. More study is needed to elucidate the significance of 14-3-3 proteins in plant adaptation to salt stress.
Salt inducible methionine synthase Spot 69 was identified as 5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase, a vitamin B12-independent methionine synthase present in higher plants. This protein catalyzes the formation of methionine by the transfer of a methyl group from 5-methyltetrahydrofolate to homocysteine. Bohnert and Jensen 37) suggested that activation of the methyl cycle is important under water stress in producing methylated polyols. Narita et al. 28) showed that gene expression of barley methionine synthase (96% similarity with spot 69) increases under various abiotic stresses (salt, drought, high osmolarity by PEG, and cold) as well as under treatment with signal molecules such as ABA and H 2 O 2 . Therefore, it is reasonable to suggest that saltinducible 5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase plays an important role in the activation of the methyl cycle in response to salinity stress in salt-tolerant plants.
Protein involved in oxidative stress defense Spot 24 has been identified as 1,4-Benzoquinone reductase, also known as quinone-oxidoreductase QR2. This enzyme catalyzes the two-electron reduction of several quinines and other electron acceptors. 38) Several reports have supported the importance of this enzyme in protection against oxidative stress. [39] [40] [41] The activity of this enzyme maintains reduced states of ubiquinones and -tocopherolquinone, leading to promotion of their antioxidant function in PM. Among the various quinone reductases, those located at the PM are of great importance because they can protect the intracellular components from oxidant damage. 42) Moreover, control of the quinone/hydroquinone ratio by PM quinone reductases can play important regulatory roles in signal transduction. 42) Our results suggest that up-regulation of quinone reductase at the PM is a mechanism evoked by plant cells for defense against oxidative stress caused by salt stress.
Proteins involved in controlling ion channels Spot number 83 has been identified as an HIR protein. This protein was up-regulated significantly during salinity and showed 96% identity with maize HIR (zmhir1).
27) It belongs to the HIR family, a large structurally related superfamily of proteins that includes prohibitins, stomatins, and other membrane proteins. This superfamily was named PID (proliferation, ion, and death), because prohibitins are involved in proliferation and cell cycle control, stomatins are involved in ion channel regulation, and the HIR genes are involved in cell death. It is assumed that these genes are generally involved in controlling ion channels, in particular potassium ion channels, and that through this control they affect the regulation of apparently diverse processes ranging from cell division and osmotic homeostasis to cell death. 27) Ion-specific stress resulting from altered Na þ and K þ content and K þ /Na þ ratios is one of the major effects of salinity stress on plant cells. Changes in the abundance of HIR protein in the salt-tolerant genotype may play a role in plant adaptation to salt stress by affecting ion homeostasis.
Protein folding PDI (spot 125), which was up-regulated in response to saline irrigation, is a member of a thioredoxin superfamily that inserts disulfide bonds into folding proteins. PDI is specialized to accommodate the structural features of the membrane and secreted proteins. Three out if 8 mammalian PDI family members have been localized in the PM or on the cell surface, in addition to the endoplasmic reticulum. 43) Several functions have been attributed to cell-surface PDIs, including reduction of disulfide bonds and the establishment of bonds between a ligand and cell surface receptors.
44) It has also been reported that PDI proteins may participate in the regulation of cellular entry of nitric oxide, 43) and that nitric oxide synthesis is stimulated by ABA, which induces stomotal closure in guard cells. 45) Poor correlation between mRNA and protein levels No statistically significant changes were observed in mRNA levels in response to salinity for any of three genes examined in this study. There are several possibilities as to the lack of correspondence between the mRNA and protein levels. It has been shown that the correlation between mRNA and protein abundance is usually poor. [46] [47] [48] There are potential reasons explaining this lack of concordance. The mRNA level may have peaked and returned to normal levels earlier. 48) Another possible reason for the difference in mRNA and protein abundance is the fact that mRNA expression data reflect changes at the level of the whole cell while our proteomic data focus on changes in protein levels within a specific subcellular component. Post-translational modifications also result in individual protein products of the same gene migrating to different locations on 2D-PAGE gels.
Concluding Remarks
Our results suggest that protein fractionation can be a powerful method to broaden our knowledge about plantenvironment interaction at the proteome level. These results include the following:
(1) Except for 5-methyltetrahydropteroyltriglutamatehomocysteine S-methyltransferase, all the proteins identified in our study have been reported for the first time at the proteome level as salt-responsive. (2) Five out of eight proteins identified have been reported as salt or ABA responsive genes at the transcriptome level. These include HIR, 27) GF14a, 25) 5-methyltetrahydropteroyltriglutamatehomocysteine methyltransferase, 28) GF14b, 26 ) and 1,4-benzoquinone reductase. 25) (3) Some of the highly abundant proteins on the 2-DE gel are said to be PM-associated proteins in other published works, too, including putative 1,4-benzoquinone reductase 42) (spot 24), remorins 29) (spots 79 and 81), and HIR protein 27) (spot 83). This shows that our fractionation method can increase the relative amount of PM-associated proteins among other extracted proteins. (4) The proteins identified are known to be involved in several important putative mechanisms of plant adaptation to salt stress, including regulation of PM pumps and channels, membrane structure, oxidative stress defense, signal transduction, protein folding, and the methyl cycle. There are several immediate extensions of our work that should increase our understanding of salt responsiveness in rice and may lead to applications in breeding for enhanced salt tolerance. These extensions include the following:
(1) The use of mass spectrometry to identify the other unidentified proteins in our study that exhibit differential expression under normal and stress conditions. Identification of these proteins may reveal additional novel molecular pathways associated with the adaptation of rice to salt stress. (2) The changes in the abundance of a PM-associated protein may be due to its association and disassociation to the membrane itself or to membranebound proteins i.e., protein-protein interaction in different growth conditions rather than changes in expression level. Further examination of responsive proteins using different approaches such as The two-dimensional gel electrophoresis (2-DE) databases of membrane associated proteins contains clickable 2-DE gel images and descriptive textual information such as protein name, Mr/pI values, MS score and sequence coverage and other information is available for public access at http://www.proteome.ir.
